Severe hearing loss during early development is associated with deficits in speech and language acquisition. Although functional studies have shown a deafness-induced alteration of synaptic strength, it is not known whether long-term synaptic plasticity depends on auditory experience. In this study, sensorineural hearing loss (SNHL) was induced surgically in developing gerbils at postnatal day 10, and excitatory synaptic plasticity was examined subsequently in a brain slice preparation that preserves the thalamorecipient auditory cortex. Extracellular stimuli were applied at layer 6 (L6), whereas evoked excitatory synaptic potentials (EPSPs) were recorded from L5 neurons by using a whole-cell current clamp configuration. In control neurons, the conditioning stimulation of L6 significantly altered EPSP amplitude for at least 1 h. Approximately half of neurons displayed long-term potentiation (LTP), whereas the other half displayed long-term depression (LTD). In contrast, SNHL neurons displayed only LTD after the conditioning stimulation of L6. Finally, the vast majority of neurons recorded from control prehearing animals (postnatal days 9 -11) displayed LTD after L6 stimulation. Thus, normal auditory experience may be essential for the maturation of synaptic plasticity mechanisms.
deafness ͉ long-term depression S evere hearing loss is known to affect auditory processing in humans. This loss includes impairments of signal detection in noise or in a multiple source environment, and disruption of intensity discrimination, frequency discrimination, and temporal resolution (1) (2) (3) (4) . Even transient bouts of conductive hearing loss can disrupt auditory processing, and months or years may be required for normal perception to resolve (5, 6) . Because severe hearing loss during development is implicated in the deficient acquisition of auditory perceptual skills and language, which presumably require learning, we have examined whether synaptic plasticity is also affected.
At a structural level, hearing impairments can lead to neuron death or atrophy and alter process outgrowth (7) . Furthermore, direct examination of neuron function in brain slice preparations from deaf animals has revealed significant physiological changes to intrinsic and synaptic properties. In both the inferior colliculus and auditory cortex (ACx), early sensorineural hearing loss (SNHL) alters the balance of excitatory and inhibitory synaptic strength (8) (9) (10) . A similar disruption in synaptic physiology and certain intrinsic properties also occurs in the auditory brainstem of the congenitally deaf mutant mouse (11, 12) .
Both long-term potentiation (LTP) and depression (LTD) have been characterized in a series of studies on the rat ACx (13) (14) (15) (16) (17) (18) . For example, an NMDA receptor-mediated LTP in the ACx can be induced by stimulation of afferents innervating the ACx via the white matter (13), whereas thalamo-and corticocortical synapse activation can induce LTD (16) . These cellular mechanisms may serve as a substrate for use-dependent alteration of coding properties in the auditory cortex of adult and developing animals, including humans (19) . For example, repetitive presentation of sound stimuli can lead to a long-lasting increase in the auditory-evoked potential in human and mouse cortex as assessed, respectively, with surface electrodes and transcranial fluorescence imaging (20, 21) . These findings suggest that LTP and LTD serve as important bases for the modification of excitatory synapses within the ACx.
Despite a growing literature on central auditory synaptic plasticity in developing and adult animals, it remains unknown whether acoustic experience is required for its expression. There is some reason to expect that sensory experience may regulate synaptic plasticity. During development, the magnitude of inhibitory long-term depression in the auditory brainstem declines after hearing onset (22) . Visual deprivation has been shown to occlude LTP of inhibitory synaptic connections in the visual cortex (23) , and chronic blockade of the NR2B subunit of the NMDA receptor eliminates excitatory synaptic LTP in adult mouse auditory cortex (24) . Given the profound descending projection from auditory cortex to the amygdala, thalamus, and brainstem (25) , any modification in synaptic plasticity within L5 of the ACx could influence both processing and learned responses (26, 27) . Here, we asked whether excitatory synaptic plasticity could be induced in ACx layer 5 (L5) neurons and, if so, whether it was affected by the loss of normal hearing. Our primary findings are that excitatory LTP emerges at the time of hearing onset in ACx L5 neurons, and this particular form of plasticity is eliminated by the loss of hearing.
Results
The data in this paper were collected from a total of 62 neurons recorded from an equal number of brain slices obtained from control postnatal day 8-11 (P8-11) (prehearing), control P14-P21 (posthearing), and SNHL (deafened) P14-21 gerbils. To assess whether the synaptic strength of L5 neurons could be modified, L6-evoked EPSPs were recorded in a whole-cell current-clamp configuration. We chose to record from L5 because these neurons exert a profound descending influence on the inferior colliculus (in gerbil: 28). We stimulated L6 because, unlike L2-4 neurons, L5 neurons do not receive a strong projection from the medial geniculate nucleus, MGv (in mice: 29).
Because resting membrane potential of ACx neurons changes significantly during the developmental period in which we recorded (30), we held each neuron at Ϫ70 mV. At the end of each recording, this holding potential was canceled, and we confirmed that the cell returned to its original resting membrane potential. After withdrawal of the recording electrode from the neuron, the recoded potential was 0 Ϯ 2 mV. Thus, the V REST did not change during the course of these experiments.
Stimuli were applied to L6 at incremental intensity steps (0.1 Hz) until an EPSP-evoked spike was generated. The stimulus intensity was then adjusted to 50% of the value that elicited the maximum subthreshold EPSP (Fig. 1B) , and the evoked EPSPs had an average amplitude of 6.5 Ϯ 2.1 mV. This strategy permitted us to observe a bidirectional modification in EPSP amplitude. The initial mean EPSP amplitude of neurons that underwent LTD or LTP showed a small but significant difference (Wilcoxon's test; X 2 ϭ 4.3, n ϭ 22, P ϭ 0.04). In slices from P14-21 control animals, the conditioning protocol induced either LTP (79% average EPSP amplitude increase; Figs. 1, 3A, and 4A) or LTD (47% average EPSP amplitude decrease, Figs. 2, 3C, and 4B). For those neurons displaying LTP, the mean EPSP amplitude increased significantly from 6.0 Ϯ 0.4 mV before conditioning (average of first three EPSPs for each neuron), to 10.5 Ϯ 0.7 mV (mean of last three EPSPs) 1 h after conditioning (t test, P ϭ 0.0002, n ϭ 10; Fig. 4A ). For those neurons exhibiting LTD, the preconditioning mean EPSP amplitude was 7.3 Ϯ 0.3 mV and decreased significantly to 3.8 Ϯ 0.3 mV at 1 h after the conditioning stimuli (t test, P ϭ 0.0001, n ϭ 12; Fig. 4B ).
To determine whether the magnitude of synaptic modification was actually bimodally distributed, we plotted the percent change in EPSP amplitude for each recorded neuron (Fig. 5) . The minimum change in synaptic strength that was observed for any individual neuron (LTP or LTD) was 26% (mean ϭ 79%) for LTP and Ϫ27% for LTD (mean ϭ Ϫ47%). Thus, the control population did not display a single-peaked distribution.
To determine whether auditory experience affected plasticity, recordings were obtained in thalamocortical slices obtained from age-matched animals in which SNHL had been induced surgically. In contrast to controls, all SNHL neurons displayed LTD in response to the conditioning stimulus (Figs. 3E and 6). The mean EPSP amplitude was 7.2 Ϯ 1.6 mV (mean of first three EPSPs) before conditioning and declined significantly to 4.4 Ϯ 1.9 mV (mean of last three EPSPs) 1 h after the conditioning protocol (t test, P ϭ 0.004, n ϭ 11). Thus, the plasticity induction protocol was not effective at producing LTP after hearing loss.
It is possible that SNHL either prevented LTP from developing or led to its loss. Therefore, recordings were obtained in slices generated from P8-11 animals (prehearing) to determine whether LTP had emerged at the time of the surgery to induce hearing loss. EPSPs from these slices displayed an induction of LTD in 12 of 15 neurons tested and a modest potentiation in the remaining 3 neurons (Figs. 3 B and D and 7) . The mean EPSP amplitude for LTD was 7.1 Ϯ 0.3 mV before the conditioning stimulus, and this declined significantly to 3.5 Ϯ 0.4 mV 1 h after the conditioning protocol (Wilcoxon's test; X 2 ϭ 15.4, n ϭ 12, P ϭ 0.001). Of the three neurons that did display an increase in EPSP amplitude, there was not a significant difference before and after conditioning (X 2 ϭ 1.2, n ϭ 3, P ϭ 0.26). Thus, the prehearing neurons primarily displayed LTD, suggesting that SNHL prevented the emergence of LTP.
Consistent with previous reports (30, 31) , the recorded L5 neurons displayed three different firing patterns in response to suprathreshold depolarizing current pulses: intrinsic bursting (IB; Fig. 1 A) , regular spiking (RS; Fig. 2 A) , or sustained. To explore whether the pattern of discharge was associated with the direction of synaptic plasticity, the data were subcategorized in those cells where firing pattern was determined. This analysis revealed no discernible trend; the three cell types displayed both LTP and LTD. LTP was generated in 2/5 IB cells, 4/8 RS cells, and 2/5 sustained cells. LTD was displayed in 3/5 IB cells, 4/8 RS cells, and 3/5 sustained cells.
In addition to the physiological characterization of cells, we asked whether there was a correlation between the morphological identity of the two cell types and the direction of plasticity (Fig. 8) . The cell types were categorized by the spread of dendritic arbor across the auditory cortical laminae, as described previously (31) . By this anatomical criterion, three control and three SNHL neurons with IB dendritic morphology displayed LTP, whereas two control and three SNHL neurons with RS dendritic morphology displayed LTD. Four prehearing neurons with RS dendritic morphology displayed LTD. Thus, the dendritic morphology of L5 neurons was not associated with a particular form of plasticity.
Discussion
The developmental appearance of synaptic plasticity mechanisms is thought to support activity-dependent alterations in 5 . Difference in the magnitude of control LTP versus LTD. Percent change in the amplitude of the last three EPSPs after the conditioning stimulus were compared with the mean of first three EPSPs for all control posthearing neurons. This analysis showed the minimum change in synaptic strength in an individual neuron (LTP or LTD) was 26% for LTP (mean ϭ 79%) and 27% for LTD (mean ϭ 47%). Thus, the control population did not display a singlepeaked distribution. neural connectivity, driven either by patterned spontaneous or sensory-driven activity (32) . However, the maintenance and maturation of these mechanisms are poorly understood, particularly their dependence on experience. There is no study testing whether synaptic plasticity in the central auditory system depends on normal hearing experience during development. The major findings of this study are that: (1) L5 pyramidal neurons in ACx display both LTP and LTD after hearing onset (Figs.  1-4) , and (2) bilateral sensorineural hearing loss selectively eliminates use-dependent LTP, leaving excitatory synaptic LTD unchanged (Figs. 3 and 6) .
In prehearing animals, LTP could not be induced reliably (Figs. 3 and 7) . This is consistent with several developmental studies showing the emergence of LTP with postnatal age (33, 34) . In many CNS regions, LTD expression diminishes during postnatal aging (22, (35) (36) (37) .
Many studies have described an association between deprivation and synaptic strength. Wiesel and Hubel (38) found that binocular light deprivation resulted in a large fraction of cortical neurons being unresponsive to light. In the barrel cortex, selective excision of whiskers leads to enhanced responses in barrel cortex corresponding to intact whiskers and depressed responses in columns corresponding to trimmed whisker regions (39) . However, these studies have not examined the effect of disuse on the ability of synapses to undergo LTP or LTD.
There are a few recent indications that experience does influence the maturation of synaptic plasticity mechanisms. In the perirhinal cortex, for example, excitatory synaptic LTD changes from being metabotropic glutamate receptordependent to muscarinic acetylcholine receptor-dependent, and this shift is prevented by dark rearing, demonstrating a dependence on visual experience (40) . Likewise, in vestibular medial nucleus neurons, dark rearing can prevent a developmental transformation from excitatory LTD to LTP (41) . Interestingly, visual cortex neurons of dark-reared rats display LTP that persists later into development (42) . Therefore, deprivation results in the persistence of the immature state (presence of LTP in V1, absence of LTP in A1) in both studies. There are also several methodological differences between the two studies that make comparison difficult. Specifically, the Kirkwood study (42) examined much older animals (4-to 6-week-old juvenile rats versus 2-to 3-week old gerbils in the present study), used different conditioning stimuli, and examined neurons in L4 and stimulated in L5 (versus L6 stimulation and L5 recording in the present study). These differences may also explain why developing ACx is more susceptible to bidirectional plasticity by the same conditioning protocol (Figs. 1-4) .
The plasticity displayed in control gerbil ACx (Figs. 1-5 ) confirms previous reports on the induction of cortico-and thalamocortical LTP and LTD (13, 15, 43) . The behavioral relevance of NMDA receptor-mediated plasticity in ACx has also been demonstrated in adult rats (44) . A change in the balance between LTP and LTD may explain the decreased responsiveness of ACx in sound-deprived mice (21) and the decline of electrically evoked responses observed in congenitally deaf cats (45) . L5 synaptic plasticity may have a significant impact on subthalamic processing because of the massive descending projection from ACx (28, (46) (47) (48) (49) (50) . Furthermore, the specific complement of cortical plasticity mechanisms may support the functional takeover of ACx by other sensory modalities. For example, in congenitally deaf mice and humans, auditory cortical neurons respond to visual and somatosensory stimuli (51, 52) . It now appears that a fundamental cellular mechanism that supports auditory-based learning, long-term potentiation in ACx, may not develop properly when developing animals are deprived of normal hearing. This opens the possibility that we might understand associated cognitive deficits in terms of the residual level of synaptic plasticity after a period of auditory deprivation.
Materials and Methods
Animals. Gerbil (Meriones unguiculatus) pups at P8-21 were used for these studies. The age range represents the time during which auditory functional properties are known to mature (53) (54) (55) (56) (57) (58) . All protocols were reviewed and approved by the New York University Institutional Animal Care and Use Committee.
Surgically Induced Hearing Loss. Cochlear ablations were performed using procedures described previously (8, 10) . Gerbil pups at P10 were anesthetized (methoxyf lurane), and each cochlea was rapidly removed with a forceps. Animals were reared for 4 -11 days with their parents under conditions identical to those for control pups. The age of surgery was chosen on the basis of evidence that anteroventral cochlear nucleus cell number is unaffected by cochlear ablation after P9 (59).
Brain Slice Preparation. Animals were anesthetized (chloral hydrate, 400 mg/kg), and the brain was dissected in chilled oxygenated artificial cerebrospinal fluid (ACSF: 123 mM NaCl, 4 mM KCl, 1.2 mM KH 2 PO 4 , 1.3 mM MgSO 4 , 24 mM NaHCO 3 , 15 mM glucose, 2.4 mM CaCl 2 , 0.2 mM ascorbic acid; pH ϭ 7.35 after bubbling with 95% 0 2 /5% CO 2 ). The brain was vibratomesectioned at 500 m, which preserves the connectivity from the medial geniculate (MG) to the ACx (8, 29) . ACSF superfusion rate was 3 ml/min, and the bath temperature was maintained at 32 Ϯ 1°C.
Whole-Cell Recordings. The recording electrodes (10 -15 M⍀) were pulled from borosilicate glass (1.5-mm OD) and backfilled with a solution containing: 130 mM K ϩ -gluconate, 5 mM KCl, 2 mM MgCl 2 , 2 mM ATP, 0.3 mM GTP, 0.6 mM EGTA, 5 mM phosphocreatine, 10 mM Hepes, and 0.5% biocytin (pH 7.2 with KOH). ACx neurons with a resting potential of Ϫ50 mV or better and responding to MGv stimulation (500-s pulse) were included. Series resistance was compensated up to 50 M⍀.
Before each experiment, extracellular recordings were obtained while stimulating MGv to confirm that the recording site was thalamorecipient ACx. We recorded only within an L5 region that had previously responded extracellularly to the direct electrical stimulation of the MGv (100 A/500 S), validating that the recording site was thalamorecipient ACx. In addition, the criteria for including cells were consistent to those we applied for L2/3 neurons (8). These criteria included a resting membrane potential of Ϫ50 mV or less, overshooting action potentials in response to suprathreshold depolarizing current injection (1,500 ms), compensation of access resistance up to 40 M⍀, and a verification of a stable V REST after the completion of each recording (the potential returned to 0 mV Ϯ 2 mV after withdrawing the recording electrode from the neuron). Cells that did not meet these criteria were excluded from the analyses.
Computer-Automated Stimulation, Acquisition, and Analysis. Data were acquired by using a Macintosh G4 running an Igor-based macro (WaveMetrics, Lake Oswego, OR; v5.03), called SLICE, and analyzed off-line by using a second macro, SLICE ANALYSIS (22) . Both the data acquisition and analysis macros are available with documentation at www.cns.nyu.edu/ϳsanes/ slicesoftware/. The SLICE macro controls stimulus delivery (Dagan BSI-950) and data acquisition (Warner PC-501A) via an ITC-18 interface (Instrutech, Mineola, NY). Data were sampled at 10 kHz while current pulses were delivered under computer control.
EPSP amplitudes were analyzed off line by using SLICE ANALYSIS. The algorithm for this measurement defines the poststimulus artifact wave for each trace consisting of all points from the original wave after the start of the stimulus pulse and subtracts the mean of the trace during the prestimulus period from this wave. Thus, the amplitudes of EPSPs were calculated. Statistical comparisons (ANOVA, Student's t test) or Wilcoxon tests were performed with JMP 5.0.1 (SAS Institute, Cary, NC).
Induction of Plasticity. Submaximal stimuli were applied at L6 just above its juncture with the white matter to evoke an EPSP at 50% of maximum amplitude in L5 neurons (Fig. 1B) . To minimize damage to afferents by the current buildup by bipolar stimulating electrode, especially during the condition protocol, the stimulus duration of each pulse was kept at a minimum (100 S). In addition, EPSP acquisition at long intervals (1 per min) makes unlikely that use-dependent plasticity would be elicited during the control intervals. The EPSPs were recorded every minute for 10 min to establish a preconditioning baseline of synaptic amplitude before treatment with a plasticity induction protocol (conditioning stimuli). This conditioning protocol was comprised of five stimulus repetitions: each repetition consisted of five trains (five pulses, 100 Hz) delivered at 1-sec intervals. The stimulus repetitions were delivered at intervals of 30 sec. The conditioning stimulus intensity was three times larger than that used to acquire preconditioning EPSPs. In general, neurons responded with a robust depolarization and discharge during the conditioning stimulus, and further postsynaptic depolarization by direct current injection was not necessary. Immediately after the conditioning protocol, EPSPs were acquired once per minute for an additional hour with the same stimulus intensity used during the preconditioning period.
Anatomy. Biocytin-filled neurons were stained with a standard ABC-HRP-diaminobenzidine protocol. The soma location was confirmed to be in L5, the dendritic arborization was confirmed to be intact, and the characteristic cell morphologies were determined (31) .
